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Preface 



This book is a text on automotive materials, arising from presentations given 
at the fifth Oxford- York-Kobe Materials Seminar, held at the Kobe Institute 
on 10-13 September 2002. 

The Kobe Institute is an independent non-profit-making organization. 
It was established by donations from Kobe City, Hyogo Prefecture, and 
more than 100 companies all over Japan. It is based in Kobe City, Japan, 
and is operated in collaboration with St. Catherine's College, Oxford 
University, United Kingdom. The chairman of the Kobe Institute Com- 
mittee in the United Kingdom is Roger Ainsworth, master of St. Cathe- 
rine's College; the director of the Kobe Institute Board is Dr. Yasutomi 
Nishizuka; the academic director is Dr. Helen Mardon, Oxford University; 
and the bursar is Dr. Kaizaburo Saito. The Kobe Institute was established 
with the objectives of promoting the pursuit of education and research 
that furthers mutual understanding between Japan and other nations, 
and to contribute to collaborations and exchanges between academics 
and industrial partners. 

The Oxford- York-Kobe seminars are research workshops that aim to pro- 
mote international academic exchanges between the United Kingdom/ 
Europe and Japan. A key feature of the seminars is to provide a world-class 
forum focused on strengthening connections between academics and indus- 
try in both Japan and the United Kingdom/ Europe, and fostering collabo- 
rative research on timely problems of mutual interest. 

The fifth Oxford-York-Kobe Materials Seminar was on automotive mate- 
rials, concentrating on developments in science and technology over the 
next ten years. The cochairs of the seminar were Dr. Hisashi Hayashi of 
Riken, Dr. Takashi Inaba of Kobe Steel, Dr. Kimihiro Shibata of Nissan, 
Professor Takayuki Takasugi of Osaka Prefecture University, Dr. Hiroshi 
Yamagata of Yamaha, Professor Brian Cantor of York University, Dr. Patrick 
Grant and Dr. Colin Johnston of Oxford University, and Dr. Kaizaburo Saito 
of the Kobe Institute. The seminar coordinator was Pippa Gordon of 
Oxford University. The seminar was sponsored by the Kobe Institute, 
St. Catherine's College, the Oxford Centre for Advanced Materials and 
Composites, the UK Department of Trade and Industry, and Faraday 
Advance. Following the seminar, all of the speakers prepared extended 
manuscripts in order to compile a text suitable for graduates and for 
researchers entering the field. The contributions are compiled into four 
sections: industrial perspective, functional materials, light metals, and 
processing and manufacturing. 



vii 




The first four and seventh Oxford- York-Kobe Materials Seminars focused 
on aerospace materials in September 1998, solidification and casting in 
September 1999, metal and ceramic composites in September 2000, nano- 
materials in September 2001, and spintronic materials in September 2004. 
The corresponding texts have already been published in the IOPP Series 
in Materials Science and Engineering and are being reprinted by Taylor & 
Francis. The sixth Oxford-York-Kobe Materials Seminar was on magnetic 
materials in September 2003 and the eight Oxford-York-Kobe Materials 
Seminar will be on liquid crystals in April 2008. 
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Section 1 

Industrial Perspective 



Cars and automobiles are developing rapidly, with increasing global com- 
petition between industrial manufacturing companies, and with increasing 
social requirements for reduced noise and pollution, increased safety and 
energy efficiency, higher performance, and, at the same time, reduced cost. 
New materials and processing techniques are needed to underpin these 
developments. The industrial scene, the key design drivers, and the emerg- 
ing new materials and processing technologies are covered in detail in this 
section. 

Chapter 1 discusses the development of future vehicles and the associated 
new materials for a wide range of automotive components, concentrating 
on the importance of improved safety, reduced environmental damage, the 
role of information processing, and the overarching need for cost-effective- 
ness in a competitive market. Chapters 2 and 3 concentrate on more specific 
issues. Chapter 2 describes the development of suitable aluminum alloys 
and associated processing techniques to manufacture lighter body panels, 
with improvements in energy efficiency, fuel savings, and performance. 
Chapter 3 describes the development of a variety of different polymer com- 
posites and their associated moulding techniques to make stronger and more 
effective module carriers, which are used to allow rapid and cost-efficient 
manufacture of complex multiple parts. 





Future Vehicles and Materials Technologies 



Kimihiro Shibata 



CONTENTS 

Introduction 3 

Environmental Issues 4 

Safety 6 

Intelligent Transportation Systems (ITS) 7 

Market Trends 8 

Automotive Materials 9 

Car Body Materials 9 

Materials for Engine Components 10 

Materials for Chassis and Powertrain Components 11 

Future Direction of Automotive Materials 11 

Environmental Viewpoint 12 

Safety Viewpoint 14 

Summary 16 

References 17 



Introduction 

In the twenty-first century cars should be designed and engineered to be in 
harmony with people and nature. Environmental and safety issues today call 
for technological improvements. Reduction of C0 2 emissions and improvement 
of fuel economy can be achieved together with crashworthiness through con- 
tributions made by material technologies. Besides improving mechanical prop- 
erties and cost competitiveness, peripheral technical issues, such as forming 
and joining technologies, and environmental performance, should be addressed 
prior to the deployment of a new material. Cooperation among material sup- 
pliers, parts suppliers and carmakers, or among carmakers themselves, in a 
simultaneous or concurrent manner, is becoming more important than ever. 
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Concept of car manufacturing: 

Harmony of human beings, nature, and vehicles 




FIGURE 1.1 

Concept of harmonization. 



More than a century has passed since the automobile was invented, and the 
environment surrounding the automotive industry has undergone a lot of 
changes on countless occasions in the intervening years. Notable changes started 
with the introduction of mass production technology that was established for 
the Ford Model T series in the 1910s. After World War II, Japanese carmakers 
resumed passenger vehicle production and began to pursue quality improve- 
ments. The two oil crises in the 1970s promoted the development of low fuel 
consumption technologies. Following the two oil crises, stricter exhaust emis- 
sion regulations were enforced and intense competition to secure higher levels 
of performance unfolded in the early 1990s. Since the latter half of the 1990s, 
the focus has been on safety and environmental issues. In line with this pro- 
gression, the concept of harmonious coexistence, which is striking a balance 
among human beings, nature and vehicles, is expected to increase in importance 
in vehicle manufacturing in the twenty-first century. Important technology 
fields for achieving this harmonization are the environment, safety, and intelli- 
gent transportation systems (ITS), as indicated schematically in Figure 1.1. 

This chapter surveys the social conditions surrounding the automotive indus- 
try. An overview of the history of automotive materials will then be given, 
followed by a discussion of projected future trends in material technologies. 



Environmental Issues 

Protection of the global environment, which includes conservation of resources, 
is a pressing issue. Figure 1.2 shows the increase over the last 50 years in the 
global number of vehicles. 1 In 1950, 70 million vehicles were on the road in 
relation to a world population of 2.4 billion people. By 2000, the number of 
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FIGURE 1.2 

Number of vehicles and global population. 



vehicles had increased to 700 million, while the world population had grown 
to 6 billion. In other words, the number of vehicles increased tenfold over 
the last 50 years of the twentieth century: It is estimated to double to 1.4 billion 
by 2025. With this increase in the number of vehicles, oil consumption has 
continued to rise, and environmental issues have become more serious. 

The possibility has been pointed out that global oil production might peak 
in the year 2015 and begin to decline after that. 2 Therefore, there are strong 
demands for the conservation of oil resources. Countries around the world 
have adopted standards that regulate the allowable levels of hydrocarbons 
(HC), carbon monoxide (CO), and nitrogen oxides (NO x ) in vehicle exhaust 
gas. These exhaust emission regulations will be further tightened in the future. 
Furthermore, carbon dioxide (C0 2 ) in exhaust emissions has been singled out 
as one of the causes of global warming. The Kyoto Protocol set targets for 
reducing C0 2 emissions. To achieve the targets set for Europe, the United 
States, and Japan in 2010, the C0 2 emission level of cars with a gasoline engine 
needs to be reduced by 6%-8% compared with 1995 models. This means that 
their average fuel economy must be improved by 25%, 3 as shown in Table 1.1. 



TABLE 1.1 



COP3 Targets for Reducing CO, Emissions and Improving Fuel Economy 3 





CO, Reduction 
(vs. 1990)* 1 


Fuel Economy 


Japan 


6% 


Passenger car with gasoline engine: improved by 23% 
(by 2010 vs. 1995) ±15 km/L 


Passenger car with diesel engine: improved by 15% 


Europe 

USA 


8% 


(by 2005 vs. 1995) ±12 km/L 
Passenger vehicle: improved by 25% 


7% 


(by 2008 vs. 1995) CO,:140 g/km 
Passenger car CAFE target: 27.5 mpg 


(after 1990) (PNGP project is under way.) 



n Period: 2008-2012. 
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These targets were ratified in 2002, with the exception of the United States, 
and vigorous steps are being taken to improve vehicle fuel economy. 



Safety 

In order to improve the safety of vehicles, information safety for preventing 
accidents in addition to crash safety is becoming more important, as shown 
in Figure 1.3. In the course of developing technologies for improving crash 
safety, traffic accidents are reproduced and analyzed. The results of these 
analyses have been applied to develop new crash safety technologies, such 
as an automatic braking system for reducing the collision speed, and an 
emergency stopping system. In the area of information safety, advanced 
safety vehicles and advanced highway systems are being developed using 
sophisticated technologies like intelligent vision-sensing and car-to-car com- 
munication systems. 

In recent years, the results of car crash tests conducted under a new car 
assessment program (NCAP) in various countries, as well as the accident 
rates of individual car models, have been disclosed. Such data are usually 
considered in the determination of car insurance premiums. Due to 
stricter safety regulations and the disclosure of information regarding 
safety, consumers are more concerned about safety today than ever before. 
Based on analyses of traffic accidents, the new car assessment program 
will continue to adopt more precise and sophisticated collision tests. 
Various new car assessment tests and regulations concerning crash safety 
are being prepared for implementation in the coming years, as shown in 
Figure 1.4. 




FIGURE 1.3 

Vehicle crash safety and information safety. 





Future Vehicles and Materials Technologies 



7 



(NCAP : New Car Assessment Program) 





2000 , 2005 


NCAP 


Japan 


Full overlap frontal Offset frontal 

Side impact Overall evaluat 

Brake performance CRS evaluation 


on Pedestrian protection 

Head rest (dynamic) 


USA 


Full overlap frontal 
Side impact 
(Offset frontal (IIHS)) 


Roll-over avoidance Offset frontal 

Whiplash evaluation (dynamic) 

Enforced side impact 

Brake performance (compatibility) 


EU 


Full overlap frontal 
Side impact 
Pedestrian protection 
CRS evaluation 


Brake Full overlap frontal 

performance Frontal (compatibility) 

Whiplash evaluation (dynamic) 


Safety 

regulations 




Advanced Pedestrian 
airbag protection (J, EU) 

(USA) Advanced headlamps 

(J, US, EU) 



FIGURE 1.4 

Trends in NCAP tests and safety regulations in Japan, the United States, and the European 
Union. 



Intelligent Transportation Systems (ITS) 

Intelligent transportation systems (ITS) are highway traffic systems in which 
smart vehicles and smart roads are integrated. These systems are expected to 
improve transport efficiency and safety, make driving more enjoyable, and 
also contribute to environmental protection, as shown in Figure 1.5. For exam- 
ple, CO z and NO x levels would be markedly reduced if the average driving 



Information from road 




Information from vehicle 

*HMI : Human-Machine Interface 



FIGURE 1.5 

Intelligent transport systems. 
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600 

? 500 


[j 


(Example for a 2000 cc 
passenger car) 


J=» 400 
c 

•1 300 

CO 


1 


\ 1 23% Reduction 


1 200 




- 

*1 l>I||| '«iMnii BIW „ B | 


8 100 




Avg. speed 


10 — » 20 km/h 



0 i — , — , — . — . — . — . — . — . — . — i 

0 20 40 60 80 100 



Average vehicle speed (km/h) 




FIGURE 1.6 

Emission levels as a function of average vehicle speed. 4 



speed during traffic congestion could be increased from 10 to 20 km/h through 
the use of an intelligent transportation system, 4 as shown in Figure 1.6. More- 
over, the number of traffic accidents might also be reduced, for example, by 
applying an adaptive cruise control system together with intelligent transpor- 
tation system capabilities. 



Market Trends 

Customer needs are becoming greatly diversified, and the speed at which 
they are changing is accelerating. During Japan's bubble economy in the late 
1980s, customers preferred luxurious products of a uniform style, but vehi- 
cles having good cost performance and individuality have been well received 
in recent years. Car manufacturers also have to respond to social issues. A 
key question is how fast a car manufacturer can provide vehicles that firstly 
meet customers' demands and social requirements, and secondly are avail- 
able at low prices. In order to satisfy market demands, vehicle manufacturing 
is changing as follows: 

Common use of low-cost materials procured globally 
Use of common platforms for increasing investment efficiency and 
reducing development costs 

Outsourcing for increasing development speed 

These changes in vehicle manufacturing are undermining the traditional 
"keiretsu" system of company groupings in Japan. Today, automobile parts 
are assembled into modules by suppliers and provided to car manufacturers. 
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Carmaker /V 

Pri mary sup plier Carmaker 

Se condary sup plier / \ 

/ \ Pr imary suppli er 

Secondary supplier 
Carmaker 

/ X 

Primary supplier 

/ \ 

Secondary supplier 

\ 

Vertical Integration 




Horizontal Integration 



FIGURE 1.7 

Alternative types of company grouping. 



and it is not unusual nowadays for rival carmakers to purchase parts from 
the same parts supplier. The traditional vertical integration of companies is 
changing to more horizontal integration, as indicated in Figure 1.7. This 
horizontal integration is basically composed of "give & take" relationships. 
The idea that everything should be done in-house or by "keiretsu" compa- 
nies has vanished. In this new structure, global networks for information, 
cooperation, and human resources are becoming very important elements 
of corporate competitiveness. 



Automotive Materials 

Figure 1.8 shows a history of automotive, mainly metal, materials. Over the 
years, new materials have been developed along with changes in social 
conditions and market requirements. 



Car Body Materials 

New materials for the car body have been developed to improve corrosion 
resistance and to reduce vehicle weight. In the 1950s and 1960s, mass pro- 
duction technologies were developed because of higher vehicle demand. 
High performance and reliability were also the market trends at that time. 
Deep drawing steel sheets with good formability were developed in the 1950s, 
followed by the development of anti-corrosive steel sheets in the 1960s. In 
the 1970s and 1980s, low fuel consumption was a keen issue because of the 
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MITI National 
vehicle project 



Exhaust gas 
regulation 





Local 


Y" 

Oil crisis 


production 
in USA/EU 



Ozone layer 
protection law 
Recycle law 





1940 1960 1970 1980 1990 
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Body 


Deep drawing steel HSS 2-layer galvanized High lubrication 

Galvanized steel Anti-corrosion steel steel sheet coated steel sheet 
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t) • r 1 , PP bumper Super olefin elastomer bumper 
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3 tit crankshaft Metal honeycomb catalyst 

A1 cylinder head Wa ^ Ca a Sinter-forged con’rod Free cutting steel crankshaft 
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A1 piston Sintered alloy valve Dumper steel Stainless steel exhaust manifold 

FRP head cover seat oil pan Laser clad valve seat 

High Si DCI Plastic air cleaner case Ceramic turbocharger 

exhaust manifold Plastic cylinderhead cover 


Chassis 


A1 differential gear case A1 wheel Micro-alloyed beam, knuckle, arm 

HSS suspension member Mg steering bracket 

Induction hardened A1 steering gear A1 forged upper arm 

knuckle arm housing Non-asbestos brake pad 


Drive- 

train 


A1 transmission case Non-asbestos clutch facing Mg transmission case 

Pb added free S added free Non-asbestos Anti-slip lining 

cutting steel gear cutting steel gear A/T lining Composite drive shaft 



FIGURE 1.8 

New materials used in vehicles. 



two oil crises. High-strength steel sheets were developed in response to this 
issue and have contributed to lightening vehicles by reducing sheet thick- 
ness. In the 1990s, safety and environmental issues became primary concerns 
in the automotive industry, and further work was done on developing tech- 
nologies for weight reductions. Aluminum alloy sheets were developed in 
this connection and applied to various body panels such as the engine hood, 
and have contributed to achieving lighter vehicles. 



Materials for Engine Components 

New materials for engines have been developed to improve engine durabil- 
ity and performance as well as to reduce the weight of components. In the 
1950s, ductile cast iron suitable for volume production was developed and 
applied to crankshafts. In the 1980s, micro-alloyed steels were developed 
and applied to crankshafts and connecting rods. Sinter-forged connecting 
rods were also developed. For the sake of weight reductions, aluminum 
alloys were used for cylinder heads, and stainless steels for exhaust mani- 
folds. In the 1990s, aluminum alloys were applied to cylinder blocks, and 
magnesium alloys to cylinder head covers. 
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FIGURE 1.9 

Material composition of a typical passenger vehicle. 



Materials for Chassis and Powertrain Components 

New materials for chassis and powertrain components have been developed 
mainly to improve durability and reduce weight. High-strength steel sheets 
were applied for suspension members and aluminum alloys for wheels. 
Knuckles, arms, and I-beams made of micro-alloyed steels were developed. 
Aluminum alloys are now being used for transmission cases. Gears are made 
of free-cutting steels. In recent years, magnesium alloys have been applied 
to steering system components and transmission cases. Carbon composites 
with fiber-reinforcement have begun to be used for propeller shafts. 

A breakdown 3 of the materials used in a typical passenger vehicle for the 
Japanese market is shown in Figure 1.9. Iron and steel still account for the 
largest proportion, although their percentages have been decreasing over 
the past 25 years. However, the volume of high-grade steel sheets, such as 
high-strength steels with excellent crashworthiness, and coated steel sheets 
with excellent anti-corrosion performance is increasing. Iron and steel are 
expected to remain in first place for some time to come. On the other hand, 
the use of aluminum alloys to make cylinder blocks, wheels, and other parts 
is rapidly increasing due to the demand for lighter vehicles. Aluminum alloy 
sheets have been applied to panels like the engine hood in recent years. This 
trend is expected to continue in the future. 



Future Direction of Automotive Materials 

Materials have contributed to meeting the changing requirements for vehi- 
cles over the years. In the future, contributions of material technologies will 
continue to be needed in two principal fields, the environment and safety. 
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The projected future direction of related technologies in each field is dis- 
cussed in the following sections. 



Environmental Viewpoint 

Issues that are important for environmental protection include reducing 
exhaust emissions, using clean energy, reducing pollutants, improving fuel 
economy, and recycling, among others. New material technologies are 
needed to address these issues, as shown in Figure 1.10. 

A diesel engine achieves better fuel economy than a gasoline engine. A 
direct-injection engine makes it possible to improve fuel economy further 
by means of lean burning. However, these two types of engine need an after- 
treatment system for the emission gas. A particulate filter is needed for diesel 
engines and an NO x catalyst for direct-injection engines. There are strong 
needs for the development of high-power batteries and high-performance 
magnets for electric motors, which will be used on vehicles equipped with 
a hybrid engine or with a fuel cell that is expected to be the ultimate vehicle 
power source with no harmful exhaust gas. Moreover, development of new 
materials for fuel cells is also needed. 

Vehicle weight savings are very effective in improving fuel economy, 
because the vehicle weight accounts for 30% of the total fuel consumption 
loss. Applying higher strength steels to body structural parts and aluminum 
alloys and/or plastics to body panels will make a large contribution to 
reducing vehicle weight. Moreover, applying higher strength materials to 
powertrain components will also make a large contribution to reducing the 
size and weight of these parts. 



Reducing exhaust emissions 



► Catalyst materials 

► Carrier materials 



Using clean energy 

• Batteries 

• Fuel cells 



Reducing pollutants 
• Pb, Hg-free 





Addressing 
environmental issues 



Improving fuel economy 

• Weight savings 

- HSS, Al, Mg, 

- Plastics 

• Improving efficiency 

- Engine 

- Drivetrain 

- Reduction of 
driving resistance 



Recycling 



► Reduction & consolidation 
of material variations 

► High durability 



FIGURE 1.10 

Important issues for environmental protection. 
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FIGURE 1.11 

Reduction of outer panel weight by substituting aluminum for steel sheet. 



Figure 1.11 shows an example of the use of aluminum sheet for outer body 
panels. Dent resistance is one property that must be taken into consideration 
when lightening outer panels. Substituting aluminum for steel sheet would 
make it possible to reduce the panel weight by more than 50%. 

However, formability is an important factor in the extensive application 
of aluminum sheets to body panels. The property of dent resistance, needed 
for outer panels, is determined by 0.2% yield strength, as shown by the 
following relationship: 



Dent resistance oc (O-Q.2 X t 2 ) 



( 1 . 1 ) 



where 

<T 02 = 0.2% yield strength 
t = sheet thickness 

6000 series aluminum alloys have higher yield strengths than 5000 series 
alloys, and 6000 series sheet provides correspondingly larger weight savings. 
However, 6000 series aluminum alloys have poorer formability than 5000 
series alloys, which limits the application of 6000 series alloys to body panels. 
The trunk lid requires a sheet with good formability, so 5000 series alloys 
are generally used. However, newly developed 6000 series aluminum alloys 
could be applied to the trunk lid, because, although yield strength is lower 
during the forming process, it increases after paint baking, as shown in 
Figure 1.12. Developments in aluminum alloy body panels and sheet are 
discussed in more detail by Takashi Inaba in Chapter 2. 

Meanwhile, different approaches are being taken to lighten vehicles 
through efforts to redesign the frame structure and panel parts. Audi is 
producing a vehicle with an all-aluminum body-in-white. In addition to 
changing the traditional monocoque body structure to a space frame con- 
struction, Audi switched the body material from steel to an aluminum alloy. 
This aluminum space frame structure deserves attention because of its cost- 
saving potential, depending on the vehicle production volume. 
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FIGURE 1.12 

Trends in aluminum sheet usage for outer panels. 



On the other hand, magnesium alloys are being used only in small quan- 
tities in the automobile today. However, magnesium alloys could have a 
large effect on reducing vehicle weight due to their low density. Therefore, 
it is hoped that technologies will be developed for applying magnesium 
alloys to automotive components. 

Friction in an engine accounts for 40% of all the fuel consumption loss. 
There is a need to develop technologies for reducing the friction coefficient 
and weight of engine components, in particular the valve train and piston- 
crank systems, in order to contribute to improving fuel economy. Higher 
wear-resistant materials and surface treatments are needed for reducing 
load stress by lightening the weight of components and reducing the contact 
area. 



Safety Viewpoint 

Material technologies are also expected to contribute to improving crash- 
worthiness. In order to achieve a safe car body in the event of a collision, 
deformation of the cabin structure should be minimized to protect the occu- 
pants, and the collision energy should be absorbed in a short deformation 
length within the crushable zones, as shown in Figure 1.13. 

However, the reaction force generally exceeds an appropriate level when 
a material with higher strength is applied to an energy-absorbing location. 
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x Cabin deforms significantly because 
crushable zone is too weak to function 
well as a collision energy absorber. 




x Collision energy is not absorbed by car 
because crushable zone is too strong. 
The occupant is injured. 




o Collision energy is well absorbed by 
crushable zone without any cabin 
deformation. The occupant is safe. 



FIGURE 1.13 

Concept of crash safety. 



Consequently, new structures and materials are required for building the 
ideal car body that can absorb the collision energy in a short span and with 
a constant reaction force. 

To meet the requirements for improved safety, thicker steel sheets or 
additional reinforcements are usually applied, which leads to a heavier 
body-in-white. Therefore, it is necessary to improve crash safety while at 
the same time lightening vehicles for better environmental performance. 

From the viewpoint of materials, both dynamic strength and static strength 
are important in designing parts for greater crash safety. As defined in 




FIGURE 1.14 

Relationship between static strength and dynamic strength. 
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FIGURE 1.15 

Part weight reductions achieved by using high-strength steel with a higher k-value. 



Equation 1.2, the average reactive force of a rectangular tube with a hat- 
shaped cross section is related to the k-value, i.e., the dynamic /static ratio 
of yield strength 5 : 

Average reactive force in crash deformation «= (/ccr l; ) 3/2 x f 5/3 (1.2) 



where 

k = dynamic yield strength/ static yield strength 
Gy = static yield strength 
t = sheet thickness 

In general, the k-value decreases with increasing strength, as shown in 
Figure 1.14. To reduce vehicle weight effectively while improving safety, 
new materials with a higher k-value are needed. For example, substituting 
higher strength steel for parts made of 440-MPa steel sheet can reduce the 
weight, but a much larger weight saving would be possible by applying 
steels having higher k-values, as shown in Figure 1.15. 



Summary 

This chapter has surveyed the situation surrounding the automotive indus- 
try, including the requirements for environmental friendliness and crash 
safety, from the viewpoint of the harmonious coexistence of human beings, 
nature, and vehicles. The discussion of the future direction of material tech- 
nologies has shown that various improvements can be attained by improving 
material characteristics. 
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However, in order to apply a new material to a vehicle, cost competitive- 
ness and the availability of a global supply both need to be ensured. At the 
same time, peripheral technical issues such as forming and joining technolo- 
gies and environmental performance should also be addressed. Regarding 
the cost of materials, one guideline for future material selection is likely to 
be a specified level of cost performance from the customer's viewpoint. 
Moreover, in order to overcome these technical issues, simultaneous or con- 
current engineering by materials suppliers, parts suppliers, and car manu- 
facturers, or among car manufacturers, is becoming more important than 
ever before. 
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Introduction 

In recent years, environmental improvement and safety have become very 
important for the automobile industry Environmental improvement and 
safety features lead to increases in car body weight. To reduce weight, there- 
fore, it is necessary to select optimum materials such as aluminum alloys. 

Figure 2.1 shows the plan to reduce C0 2 emissions in Europe. 1 European 
automobile manufacturers have to achieve an average C0 2 emission target 
of 140 g/km for their fleet of new cars to be sold in 2008. 2 ' 3 Japanese auto- 
mobile manufacturers have to achieve the same target by 2009. In North 
America and Japan, 1 automobile manufacturers also have to achieve fuel 
consumption regulation targets. For these reasons, aluminum alloys are 
essential to reduce the weight of car bodies. 

This chapter provides general information on how aluminum body panels 
are used in Europe, North America, and Japan. The promotion of increased 
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FIGURE 2.1 

Plan to reduce C0 2 emissions in Europe. 

aluminum body panel use and possible recycling opportunities are also 
discussed. 



Aluminum Body Panel Usage 
Europe and North America 

Aluminum body panels are used for luxury cars, popular cars, and full-size 
cars in Europe and North America, as shown in Table 2.1. The automobile 
manufacturers are mainly using only aluminum hoods except for special 
cases where they are making all-aluminum cars. The use of aluminum hoods 
is effective for both weight reduction and improved function as a hang-on 
part. The adoption of aluminum panels is limited at present by the complex- 
ity of the panel shapes, but the use of aluminum panels will increase sub- 
stantially in the future as automobile manufacturers strive to achieve the 
CO z emission targets in Europe, and the fuel consumption regulation targets 
in North America. 
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TABLE 2.1 



Examples of Adoption of Aluminum Panels in Europe and North America 



Europe 


Benz S-class 


Hood 




Benz E-class 


Hood, fender, deck-lid 




Audi A8,A2 


All-aluminum car 




Audi A6 


Hood 




Volvo S60 


Hood 




Volvo S70 


Backdoor 




VW Lupo 


All-aluminum car 




Renault Laguna 


Hood 




Peugeot 307 


Hood 




Citroen C5 


Hood 


North America 


GM Cadillac Seville 


Hood 




GM C/K Truck 


Hood 




Ford Lincoln 


Hood 




Ford Ranger 


Hood 




Ford F150 


Hood 




Chrysler Prowler 


All-aluminum car 




Chrysler Jeep 


Hood 



Japan 

The use of aluminum body parts started with the hood of the Mazda RX-7 
in 1985. The Honda NSX all-aluminum car followed in 1990. At first, alu- 
minum body panels were adopted for parts of sport cars in Japan, but 
recently they have been used for mass-produced cars such as the Nissan 
and Subaru cars shown in Table 2.2. Aluminum body panels are also used 
for the compact Copen car produced by Daihatsu. 

TABLE 2.2 

Examples of Adoption of Aluminum Panels in Japan 



Toyota Soarer 


Hood, roof, deck-lid 


Toyota Altezza Gita 


Backdoor 


Nissan Cedric 


Hood 


Nissan Cima 


Hood, deck-lid 


Nissan Skyline 


Hood 


Honda S2000 


Hood 


Honda Insight 


All-aluminum car 


Mazda RX7 


Hood 


Mazda Roadster 


Hood 


Mitsubishi Lancer Evo 


Hood, fender 


Subaru Legacy 


Hood 


Subaru Imprezza 


Hood 


Daihatsu Copen 


Hood, roof, deck-lid 
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TABLE 2.3 

Important Properties Required for Body Panels 

Panel Main Properties 

• High strength after paint baking 

(YS: 200 MPa at 170°C for 20 min after 2% strain) 
Outer • Flat hemming property 

• Surface condition (SS-mark free, anti-orange peel) 

• Anti-corrosion (anti-filiform corrosion) 

Inner • Deep drawing property 

• Joining properties (welding, adhesion) 



Aluminum Alloys for Body Panels 

Automobile body panels consist of a double structure with an outer panel 
and an inner panel. For the outer panels, higher strength materials are 
especially required to provide sufficient denting resistance. For the inner 
panels, higher deep drawing capacity materials are especially required to 
allow the manufacture of more complex shapes. In other words, different 
properties are required for the outer and inner panels, as shown in Table 2.3. 

Research and development of aluminum body panels began in the 1970s. 
Aluminum alloys for body panels developed in different ways in Europe, 
North America, and Japan because of the different requirements of the 
automobile manufacturers. In Japan, higher formability alloys were required 
from the automobile manufacturers. Therefore, special 5xxx series Al-Mg 
alloys, such as AA5022 and AA5023, were developed first. On the other 
hand, high strength alloys after paint baking were required in Europe and 
North America. Consequently, 2xxx series Al-Cu-Mg alloys, such as AA2036, 
and 6xxx series Al-Mg-Si-(Cu) alloys, such as AA6016, AA6111, and AA6022, 
were developed. The mechanism of paint bake-hardening of 6xxx series 
alloys is due to precipitation hardening of Mg 2 Si or a Cu-containing deriv- 
ative. Figure 2.2 shows the transition of aluminum alloys for body panels. 



► Japan 



> EU 
(Outer/inner) 

Alloy (inner) 

* N.A. 6xxx 



Past 


Present and Future 


5 xxx 


1 ► 6xxx Alloy (outer/inner) 


(Special) 


' ► 5xxx Alloy (outer/inner) 


6 xxx 


(special, conventional) 
1 ► 6 xxx alloy 



(Conventional) 

5 xxx 

6xxx Alloy (outer/inner) 



FIGURE 2.2 

Transition of aluminum alloys for body panels. 
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TABLE 2.4 



Chemical Composition of Aluminum Alloys for Body Panels (wt%) 



AA No. 


Si 


Fe 


Cu 


Mn 


Mg 


Remark 


6016 


1 .0/1.5 


<0.50 


<0.20 


<0.20 


0.25/0.60 


Outer/Inner, EU 
(Kobe: KS6K21) 


6022 


0.8/1.5 


0.05/0.20 


0.01/0.11 


0.02/0.10 


0.45/0.70 


Outer/Inner, USA 
(Kobe: KS6K21) 


6111 


0.07/1.1 


<0.40 


0.50/0.90 


0.15/0.45 


0.50/1.0 


Outer/Inner, USA 
(Kobe: KS6K31) 


5022 


<0.25 


<0.40 


0.20/0.50 


<0.10 


3.50/4.9 


Outer/Inner, Jap. 
(Kobe: KS5J30) 


5023 


<0.25 


<0.40 


0.20/0.50 


<0.10 


5.0/6.2 


Outer/Inner, Jap. 
(Kobe: KS5J32) 


5182 


<0.20 


<0.35 


<0.10 


0.20/0.50 


4.5/5.0 


Inner, EU and Jap. 



Recently, similar 6xxx series alloys have been used in Europe, North America, 
and Japan. 

Table 2.4 shows the chemical compositions of aluminum alloys for body 
panels. AA6016 contains less than 0.2% Cu content, and is used in Europe. 
AA6111 contains higher Cu content than AA6022. Both alloys are used in 
North America. Alloys similar to low Cu content AA6016 and AA6022, and 
high Cu content AA6111 are also used in Japan. KS6K21 and KS6K31 are 
alloy codes of Kobe Steel, which correspond to AA6016, AA6022, and AA6111 
respectively. AA5022 and AA5023 are special Al-Mg alloys produced by 
using high purity primary aluminum. They contain optimum Cu content, 
and have high formability and medium strength after paint baking. KS5J30 
and KS5J32 are corresponding Kobe Steel alloys. These alloys are still in use 
for body panels of severe complex shapes in Japan. For inner panels, the 
conventional 5xxx series AA5182 alloy has been used recently in Europe and 
Japan. 

Table 2.5 shows typical mechanical properties of aluminum alloys for body 
panels produced by Kobe Steel. KS6K21-1 has high strength, with a yield 



TABLE 2.5 



Mechanical Properties of Aluminum Alloys for Body Panels (Kobe Steel) 



Kobe Alloy 


Before Forming 




After Baking 


Remark 


TS MPa 


YS MPa 


El. % 


YS MPa 


KS6K21-1 


240 


125 


29 


200 


Outer /Inner 


KS6K21-1 


250 


130 


30 


165 


Inner 


KS6K31 


275 


130 


32 


165 


Inner 


KS5J30 


275 


135 


30 


155 


Outer /Inner 


KS5J32 


285 


135 


33 


155 


Outer /Inner 


5182 


270 


125 


29 


140 


Inner 
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strength of 200 MPa after paint baking, and is in use for many body panels 
in Japan. However, the formability of KS6K21-1 is inferior to that of KS5J32. 
On the other hand, KS5J32 has higher elongation than KS6K21-1. 



Increasing Aluminum Body Panel Usage 

In order to promote the adoption of aluminum body panels, it is necessary 
to provide for the potential panel shapes and the low-cost materials required 
by automobile manufacturers. It is important to improve material properties 
as well as forming and joining technologies, so as to be able to manufacture 
suitable body panel shapes. On the other hand, it is necessary to minimize 
the number of manufacturing processes, and to be able to use recycled 
aluminum alloys to ensure a low-cost material. 



Aluminum Alloys 

The important properties required for body panels are as shown in Table 2.3. 
Especially, it is necessary to improve the formability to enable, for example, 
hem flanging and stretch-forming for outer panels, and deep drawing for 
inner panels. It is important to be able to decrease strength before forming, 
and then redevelop high strength after paint baking under conventional 
baking conditions. 

Figure 2.3 shows a study of the bake-hardening properties of 6xxx alloys 
after pre-aging. 4 The specimens are solution heat treated at a high temper- 
ature of 530°C and then water quenched, a conventional manufacturing 
process for aluminum body panels. Pre-aging is conducted at 50°C to 100°C 
immediately after water quenching. After one week at room temperature, 
the specimens are then heat treated using several different baking conditions. 



6xxx Alloy: Al-1% Si-0.8% Mg-0.14 Mn 

Homogenizing: 540°C For 4 hours — » hot rolling 
Thickness: 1 mm after cold rolling 




FIGURE 2.3 

Study of the bake-hardening properties of 6xxx alloys after pre-aging. 
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The pre-aged specimens have high strength after paint baking at low 
temperature for a short time compared with more conventional specimens. 
The improved bake-hardening properties are caused by fine precipitates 
of p - Mg 2 Si. This study is important in indicating how to improve the 
material properties. 



Forming Technology 

It is not easy to promote the adoption of aluminum body panels just by 
improving the material properties. It is also important to provide optimum 
forming technologies for manufacturing the aluminum body panels. For 
example, tooling and forming conditions both need to be optimized. In 
addition, many kinds of forming technologies, such as hydro-forming, hot- 
forming, and extreme cold-forming, need to be studied. Kobe Steel is inves- 
tigating the optimization of tool and forming conditions using practical 
pressing studies and finite element (FEM) analysis. 

Figure 2.4 shows the 1400-ton Kobe Steel test press for manufacturing 
aluminum body panels. Useful data for aluminum body panels compared 
with conventional steel panels can be achieved by using direct experimental 
pressing studies. 5 ' 6 







1400-ton hydraulic press 



Optimization of tool and forming 



FIGURE 2.4 

1400-ton Kobe Steel test press for manufacturing aluminum body panels. 
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Prediction of cracks 
using FEM analysis 



Cracks occurred by practical 
press forming 



FIGURE 2.5 

Relationship between finite element analysis and practical press forming. 



On the other hand. Figure 2.5 shows the relationship between finite ele- 
ment analysis and practical press forming. 7 The prediction of cracks using 
finite element analysis corresponds with the results of cracks occurring dur- 
ing experimental press forming. The precision of finite element analysis will 
improve with increased applications, and this will play an increasing role in 
promoting adoption of aluminum panels. 



Recycling 

Aluminum alloys have excellent recycling properties. It is well-known that 
used aluminum beverage cans can be returned to new beverage cans. In 
Japan in 2001, the recovery ratio of used aluminum beverage cans was 83%, 
with a can-to-can ratio of 68%, the rest being used mainly for castings. 
Recycling of aluminum alloys is useful for reducing the cost of the aluminum 
material, and leads to improved life-cycle assessment. Therefore, the reuse 
of aluminum alloy body panels needs to be studied. In the case of alumi- 
num press scrap, aluminum manufacturers can reproduce the same alloy 
sheets. However, in the case of aluminum scrap from a scrapped car, it is 
not easy to recover the same alloy sheet, because of the mixing of different 
alloys, such as 6xxx, 5xxx, and Al-Si series alloys, and different metals, such 
as aluminum and steel. Therefore, aluminum manufacturers have to work 
on alloy designs suitable for recycling and construction of a viable recycling 
system. The final target will be car-to-car. 

Figure 2.6 shows the effect of using an aluminum Audi ASF car on saving 
energy. Energy saving from an all-aluminum car will be excellent compared 
with conventional steel cars, with the introduction of recycled aluminum 
alloys. 
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<Production> <In service> 




FIGURE 2.6 

Effect of using an aluminium Audi ASF car on saving energy. 



Summary 

The use of aluminum body panels and recycled aluminum alloys leads to 
weight reduction in car bodies. Therefore, the promotion of the adoption of 
aluminum body panels is very important in both automobile and aluminum 
manufacturing industries. 
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Introduction 

Modularization in the automotive industry is a production method that regards 
plural parts as a single part by consolidating them into a single functional unit. 
This chapter describes trends in automotive modularization and the associated 
use of plastic materials and molding processes for module carriers. 
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European automotive makers have been adopting modular parts mainly 
for reasons of cost saving since the late 1980s. In Japan, this kind of modu- 
larization has not been developed because of insufficient cost benefit. 
Recently, some Japanese automotive makers have begun to adopt modular 
parts for cost and weight savings by applying better materials and processes 
to module carriers. High-performance materials such as sheet molding com- 
pound (SMC) or glass mat reinforced polypropylene (PP) are normally used 
for module carriers because it is necessary to sustain several surrounding 
parts. Instead of these materials, new materials and processes have been 
developed and have achieved dramatic cost and weight savings in the result- 
ing modular parts. This chapter also describes further new technologies, such 
as nanocomposites, which are expected to be used for future module carriers. 



Modularization Methods 

The subassembly in the body assembly line has been used in Japan since the 
1970s to shorten the length of the main line. Recently, "function integrated 
modules" were introduced to reduce the cost and weight of parts by con- 
solidating them and integrating their functions. 



Module Carrier Requirements 

Module carriers are the foundation for assembling surrounding plural parts. 
Mechanical properties such as good strength, stiffness, impact strength, dura- 
bility, dimensional stability, etc., are all required not just in the module carrier 
itself, but also after assembly with the surrounding parts. High-performance 
materials are, therefore, needed to manufacture module carriers. 



Development Trends 

Sheet molding compound and glass mat reinforced polypropylene have been 
the main materials used for module carriers since the late 1980s. Both mate- 
rials are reinforced by glass fibers, have high strength and good dimensional 
stability, and can meet the requirements for module carriers. However, a semi- 
finishing product step is required after compression molding, and design flex- 
ibility is not so high. Moreover, sheet molding compound cannot easily be 
recycled because of the presence of thermosetting resin. In order to improve 
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these characteristics, new materials and processes have been developed, as 
discussed below. 



Plastic/Steel Hybrid 

In late 1997, a European automotive maker introduced a plastic /steel hybrid 
structure for a front-end module carrier consisting of injection molded poly- 
amide (PA) and steel reinforcement. The strength of an injection-molded part 
is normally lower than that of a compression-molded part. In this case, how- 
ever, the steel part of the component was effective in enhancing the strength. 
The difference between a hybrid part and a conventional compression- 
molded part is the need for a semi-finishing product step. The hybrid part 
does not need post-finish treatment because of the injection molding. Accord- 
ing to a material supplier, hybrid structures can reduce cost and weight by 
10% each, compared with compression-molded parts. 



Long Fiber Thermoplastic (LFT) 

A European automotive maker introduced long fiber thermoplastics tech- 
nology in 1998. First, an intermediate product consisting of polypropylene 
and 25-80mm glass fibers in length is produced with an extruder. Then, the 
intermediate product is charged into a molding die and compression 
molded. This material can be used with a complex design and is also easily 
recyclable compared to conventional glass mat reinforced polypropylene. 1 



Stamping Mold 

The melted resin from the extruder head is directly charged into the die. Then, 
the material is compression molded. The molded part has low warpage and 
high-design flexibility. A front-end carrier using this technology is 30% 
lighter than a conventional steel part. In 2001, a Japanese automotive maker 
introduced this technology. 2 



Injection-Molded Polypropylene Reinforced by Long Glass Fibers 

Injection-molded module carriers have been developed since the early 
1990s. In 2002, a Japanese automotive maker introduced injection-molded 
carriers without steel reinforcement. This system has then been applied to 
a front-end module and door module carriers for a worldwide series of 
production cars. 

A semi-finishing product step is not necessary for an injection-molded 
part. In addition, injection-molded parts have a high level of design flexibility. 
However, injection-molded strength is lower than for conventional glass mat 
reinforced polypropylene because the length of the glass fibers is shortened 




32 



Automotive Engineering: Lightweight, Functional, and Novel Materials 



during the injection-molding process. The length of the glass fibers in a 
conventional injection-molded part is reduced to less than 2 mm from an 
initial length of 10 mm. The length of the glass fibers needs to be more than 
4 mm for a high-strength part. Accordingly, new materials and processes 
have been developed to inhibit breakage of the glass fibers during injection 
molding. 3 This new technology is discussed below. 



New Materials 

In conventional injection molding a high-molecular weight, high-viscosity 
resin is generally used in order to improve the molded-part strength. How- 
ever, in recent technological developments, a super-low viscosity resin is 
used instead, in order to maintain the length of glass fibers by reducing shear 
forces on the glass fibers during the molding process. As a result, much longer 
glass fibers are maintained in the molded part and its strength is increased. 



New Processes 

New mixing screws for large-scale injection molding machines have also 
been developed in order to inhibit the breakage of the glass fibers by reduc- 
ing the shear force on the glass fibers. The mechanical properties of the 
resulting injection-molded parts are much superior to those of conventional 
injection-molded parts and equivalent to those of the conventional compres- 
sion-molded parts (Table 3.1). 



Applications and Benefits 

About 20 parts have been consolidated into one part for a front-end module 
carrier by using the newly developed injection-molding technology 
described above. The injection-molded carrier is then 25% cheaper and 18% 
lighter than using a conventional steel part. Moreover, the same technology 
and material has also been applied to a door module carrier. This carrier is 
then 20% cheaper and 2.3 kg lighter than using a conventional steel part by 
integrating plural parts into the carrier plate. 

TABLE 3.1 



Mechanical Properties of Injection-Molded and Compression-Molded Parts 





Conventional 

Compression-Molding 


Conventional 

Injection-Molding 


Developmental 
Inj ection-Molding 


Flexural modulus 
(GPa) 


5.3 


5.1 


5.2 


Flexural strength 
(MPa) 


139 


115 


126 


Izod notched impact 
strength (kj/m 2 ) 


29.9 


9.3 


32.5 
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Future Technology 

Modularization will be further promoted and expanded by improving 
mechanical properties, surface quality, recyclability, etc., of the module car- 
rier. The potential technology that will be able to meet these requirements 
is discussed below. 



Future Materials 
Nanocomposites 

The mineral clay is attracting attention as a reinforcement filler for injection- 
molded polyamide parts, enhancing the part strength considerably more 
than conventional fillers such as glass fibers. The aspect ratio of the nanoscale 
clay particles vary from several hundreds to several thousands — very high 
compared to conventional glass fiber filler. The resulting injection-molded 
nanocomposite polyamide materials show unique characteristics. Their 
strength and stiffness at high temperature are dramatically improved at the 
same time as maintaining the chemical resistance, paintability, surface 
appearance, etc., that are important polyamide material characteristics. 4 
Polyamide nanocomposites are expected to be applied to module carriers 
for a range of visible parts. Polypropylene nanocomposites are also being 
researched. It is reported that 4.5% polypropylene/clay nanocomposites 
have strengths equivalent to 20% talc-reinforced polypropylene. 5 



High-Strength Plastic Reinforced by Liquid Crystal Polymers (LCP ) 6 

Thermoplastic resins are generally recyclable or can be reused for similar 
applications. However, resins reinforced by glass fibers lose their perfor- 
mance after the granulating process in recycling because of the damage 
sustained by the reinforcing fibers. An important development target is to 
increase the strength of the polymer composite and make it even easier to 
recycle. Composites have been prepared using a generic twin-screw extruder 
to blend liquid crystal polymers with thermoplastic resin, with extrusion 
conditions such as shear rate at the die set to cause fibril formation. The 
liquid crystal polymer, polypropylene, and compatibilizer are mixed initially 
in pellet form, and then extruded in a composite film with the polypropylene 
reinforced by liquid crystal polymer fibrils in the extrusion direction. These 
films are pre-heated and laminated to produce a moldable blank with good 
moldability, and compression-molded samples exhibit good mechanical 
properties. The stiffness of a bumper beam prototype made of polypropyl- 
ene/liquid crystal polymer is equivalent to a conventional glass mat rein- 
forced polypropylene material. Figure 3.1 shows load-displacement curves 
for equivalent polypropylene/liquid crystal polymer and the glass mat rein- 
forced polypropylene bumper beams. 
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FIGURE 3.1 

Load-displacement curves for injection-molded polypropylene/liquid crystal polymer and 
compression-molded glass mat reinforced polypropylene composites. 



The recyclability of the liquid crystal polymer composites is shown in 
Figure 3.2. Even after being recycled ten times, the tensile strength is equiv- 
alent to that of the virgin material. At present, the price of liquid crystal 
polymer is about ten times that of glass fiber; however, cost reductions are 
expected to be achieved by expanding applications to the automotive 
industry. 



Future Processing Techniques 

Microcellular plastic is manufactured by a new molding process, with 
improved mechanical and thermal properties compared with conventional 
foam plastics. The key characteristics of the microcellular plastic material 7 
are the cell size, in the range 0.1 to 10 pm, and the cell number density, in 
the range 1 0 9 to 10 15 cells/cm 3 . A saturated polymer gas solution is brought 




FIGURE 3.2 

Tensile strength versus recycling time for a polypropylene /liquid crystal polymer composite. 
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into a thermodynamically unstable state, where decompression and/or heat- 
ing instantaneously reduce the gas solubility and leads to formation of the 
microcells. Carbon dioxide (C0 2 ) or nitrogen (N 2 ) gas is usually used to 
reduce environmental dangers. The resulting characteristics of the foamed 
plastics: 8 

Low warpage 

Low clamping force on the molding machine (i.e., low injection pressure) 
Easy to mold large parts 
Short molding cycle time 

At present, this new process has some technical issues such as poor surface 
appearance caused by flow marks. However, in the future, the new manu- 
facturing technology can be expected to be used to mold large-scale parts 
with complex designs, at low cost and weight. These characteristics will be 
very useful for future module parts. 



Summary 

This chapter has described materials and processes for a module carrier. 
Other techniques, such as bonding and computer-aided design, are also very 
important for automotive modules. By combining the different techniques 
carefully, plastic technology will contribute strongly toward the develop- 
ment of future automotive modules. 
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Section 2 

Functional Materials 



Functional materials, those materials that have electronic, optical, or magnetic 
properties, are an essential part of the modem automobile. Functional mate- 
rials are not only deployed in the primary structures and drive systems but 
also in the safety systems and in telematic and entertainment systems, which 
often provide the key product differentiation features and can yield a high 
added value for the manufacturers. This section outlines the application of 
functional materials in five representative areas of automotive technology: 

• Combustion sensors 

• Controlled rheology fluids for mechanical linkages 

• Engineered crash structures 

• Engine control and drive sensor electronics 

• Smart structures 



The authors review the current state of the art and project future application 
areas where functional materials and smart technologies will make signifi- 
cant impact on automotive design and manufacture. 
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Introduction 

Pollution is not a new phenomenon, and probably existed in the most ancient 
of times. Indeed, legislation was enacted many centuries ago in different parts 
of the world. For instance, in England, in the thirteenth century. King Edward 
I issued edicts aimed at preventing the sulphurous local pollution in London 
due to coal burning. Most pollution events in the world since then have been 
associated with the use of fossil fuels, and this is still the source of many 
problems today. Types of pollution that are topical are given in Table 4.1. 
Much pollution in recent times has come from the ever-expanding use of cars, 
and the amelioration of this pollution problem is the subject of this chapter. 



The Development of Automotive Catalysts 

Pollution was not perceived as a problem during the first few decades of the 
use of automobiles, due to their relative rarity and, therefore, the low total 
pollution burden on the atmosphere, notwithstanding the fact that early vehicles 
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TABLE 4.1 



Some Major Environmental Stresses 


Environmental Symptom 


Likely Cause 


Tropospheric pollution, smogs, etc. 
Acid rain 
Global warming 
Ozone hole 

Decreased male fertility 


Fossil fuel overconsumption 
Fossil fuel overconsumption 
Fossil fuel overconsumption 
Chlorofluoro-carbon emissions 
Groundwater pollution 



were inefficient. However, with the buildup of car ownership in the world, the 
pollution load increased until the effect became severe and noticeable. This was 
recognized first in the Los Angeles basin due to a combination of local factors, 
but most importantly due to the high earning power of the local population 
and, therefore, the high per capita car ownership. Smogs occurred in the late 
1950s and 60s, which were basically due to emissions from cars that interacted 
together in the presence of intense sunlight to produce photochemical smogs. 
The major polluting components were nitrogen oxides (NO x ), ozone O s , and 
hydrocarbons together with highly damaging partially oxidized products. One 
example of these — peroxy acetyl nitrate (PAN) — is detrimental to the lungs in 
ppb concentrations, and is an eye irritant. Many deaths resulted from such 
smogs, mainly among the elderly, infirm, or those with existing lung problems. 

Finally, the California legislature decided that the problem must be solved 
and that it could only be achieved in a mandatory way. At first, this was 
designed to restrict carbon monoxide and hydrocarbon emissions. Later, 
NO x was included in the legislation. Initially, the U.S. car companies opposed 
such legislation. However, a catalyst cure for the problem was not only 
possible, but was achieved and demonstrated for a production model car. A 
schematic illustration of the form of a car catalyst currently used is given in 
Figure 4.1. This is a ceramic monolith that is strong, resistant to thermal 
shock, and the active phases are present on this monolith inside a highly 
porous, but thin layer of washcoat, which is usually mainly alumina. More 
extensive reviews of this technology are available. 1 

From this point in time, the legislators were encouraged to push the sci- 
entists to ever-greater improvements of catalytic efficiency by increasing the 
stringency of legislation. The development of this legislation is illustrated in 
Table 4.2. It is now the case that catalysts, at least for normally aspirated 
petrol engines, are very efficient. The current and future challenges to auto- 
motive pollution removal are outlined below. 



Important Factors in Pollution Removal 
Light-Off Temperature 

Pollutant emission has to meet the strict legislative levels shown in Table 4.2. 
These limits are set to get tougher. If the pollutants emitted from the engine 
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FIGURE 4.1 

Schematic diagram of a typical car catalyst, showing the monolith with a washcoat that is 
impregnated with precious metals and other active species. 



TABLE 4.2 



Legislated Passenger Car Emissions 









Maximum Levels (g/Km) 


Year 


Location 


CO 


HC 


NO x 


1970 


United States 


14 


1.3 


- 


1975 


California 


5.4 


0.5 


1.2 


1980 


United States 


4.2 


0.2 


1.2 


1993 


California 


2.0 


0.2 


0.2 


1993 


European Union 


2.7 


1.0 (HC and NO x combined) 


1997 


California 


2.0 


0.05 


0.12 


1997 


European Union 


2.3 


0.3 


0.25 


2001 


European Union 


2.3 


0.2 


0.15 


2005 


European Union (Proposed) 


1.0 


0.1 


0.08 
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FIGURE 4.2 

An illustration of the total amount of emitted pollutants collected from a car exhaust after 
engine switch-on from a cold start, and after switching off for only a short period of time 
followed by restart (warm start). Most of the pollution is produced within the first minutes of 
the engine is switching on, due to inefficiency of the catalyst at low temperatures. 



are accumulated and analyzed, they follow the pattern schematically shown 
in Figure 4.2, 2 that is, the vast majority of the pollutants are emitted shortly 
after engine switch-on, while very little pollution is produced once the 
exhaust region is hot. This is because the catalyst has to be hot to be able to 
convert the pollutants (see, for example, carbon monoxide oxidation by a 
supported platinum catalyst is Figure 4.3). Thus, even if the engine is 
switched off for a short while and restarted, then little pollution is produced 
because the catalyst is still at elevated temperature (so-called "warm start") 
and is immediately effective upon restart. 

Thus, reducing the temperature for light-off to occur is a major target 
for pollutant reduction, and this requires the development of more active 
catalytic materials. One way to get light-off to occur more quickly without 
activity enhancement is to place a catalyst in the engine manifold, close 
to the source of pollution, since this gets hot more quickly than the normal 
position farther down the exhaust pipe. This approach is carried out now- 
adays. Another option being seriously investigated by a number of com- 
panies is the use of a plasma discharge prior to the normal catalyst that 
produces activated species that particularly enhance NO x destruction. 
Also, artificial gas heaters in the car exhaust prior to the catalyst have been 
considered, but these use a significant amount of power from the engine. 

There are hopes for more active catalysts that light-off at much lower 
temperatures than platinum, and one example of this comes from a surpris- 
ing element, namely gold. Thought previously to be inactive, it has been 
shown that gold nanoparticles are very active for carbon monoxide oxida- 
tion, even at room temperature, when prepared in the correct way. 3 
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Temperature (°C) 



FIGURE 4.3 

A plot showing the light-off for carbon monoxide oxidation occurring at about 180°C for a 
supported platinum catalyst. There is zero conversion below about 150°C. 



Lean-Burn Engines 

Lean-burn engines have been introduced because they are more fuel-efficient 
and therefore produce less carbon dioxide burden on the atmosphere, 
besides being more economically efficient for the user and reducing the rate 
of loss of fossil fuel stocks. However, although oxidation reactions of hydro- 
carbons and carbon monoxide occur well under such circumstances, the 
reduction of NO x to nitrogen becomes very inefficient. Therefore, new cata- 
lytic strategies are needed. 

One of these strategies involves the use of a NO x storage medium in the 
catalyst, and catalysts based on barium oxide BaO have been developed 
successfully by Toyota. 4 - 5 In this situation, when the active metal component 
is deactivated by becoming saturated with oxygen atoms at the surface, it 
no longer dissociates NO efficiently. The NO x is then stored on BaO as the 
nitrate. Periodically, a reductant (fuel) is injected over the catalyst and this 
reduces the metal surface so that it becomes active in the direct sense of 
catalyzing pollutants in the exhaust gas, but it also catalytically decomposes 
the nitrate and cracks the resulting NO x to give nitrogen (and oxidized 
products such as carbon dioxide and water). The effect of the storage medium 
is shown schematically in Figure 4.4 and results in significantly enhanced 
NO x conversion. The details of this catalysis are presented further below. 





44 



Automotive Engineering: Lightweight, Functional, and Novel Materials 



Without NO x storage 
compound 



NO x Level 
out of engine 




Reductant injection 



Reductant off 




FIGURE 4.4 

Schematic illustration of the NO x conversion process in NSR catalysts. NO x is stored during the 
lean operation and is then removed from the catalyst and converted to nitrogen by injection of 
a short pulse of fuel that chemically reduces metal part of the catalyst that activates it for NO x 
destruction. 



Diesel 

Diesel is a type of lean-burn engine and so some of the above strategies can 
be used on exhausts of this type. However, a major problem here is that a 
high level of soot particles are produced from the engine that tend to block 
and degrade the catalyst since they are not easily removed themselves. 
Johnson-Matthey in the United Kingdom recently won the MacRobert 
Award from the Royal Academy of Engineering for their development of 
the CRT (continuously regenerating trap) particulate removal technology. 
This is a technology that uses a porous-walled monolith to store the partic- 
ulates where they are attacked and oxidized by nitrogen dioxide NO, pro- 
duced in an initial catalytic oxidation step. 6 



NSR Catalysts 

NO x storage and reduction (NSR) catalysts have a function for binding NO x 
during lean running. Figure 4.4 shows schematically the effect of inclusion 
of barium oxide in such catalysts. As a result of operation with a periodic 
reduction pulse, significantly more NO x is converted than would otherwise 
be the case. 
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Experiments currently underway at the University of Reading, using 
hydrogen as the reductant, clearly show the beneficial effect of barium. In 
Figure 4.5 a pulse of NO is made into a continuous flow of oxygen in helium 
upon a catalyst that had already been dosed with several pulses of NO. 
Apart from some displacement of oxygen from the flow, when NO is pulsed 
there is no net NO uptake on the catalyst and no products are observed. 
This is because the catalyst is fully saturated with nitrate already under these 
conditions and the platinum surface is saturated with oxygen atoms, which 
prevents NO dissociation and barium nitrate decomposition. When a hydro- 
gen pulse is introduced, then there is immediate consumption of the hydro- 
gen with coincident decomposition of the stored NO x , and a large amount 
of nitrogen is produced. This is because the platinum is reduced by the 
hydrogen pulse, adjacent barium nitrate is decomposed to NO + O z , and the 
platinum cracks the NO in the following way: 

2 NO - 7N 2 + 20 a 




FIGURE 4.5 

Showing a pulsed-flow reactor experiment relating to NO x storage and reduction on a Pt/BaO/ 
A1 2 0 3 catalyst. NO (30 amu) is periodically pulsed into a continuous flow of oxygen over the 
catalyst held at 300°C. The first pulse, shown at 22.5 minutes, is just one of many that the catalyst 
had previously received, and so it is saturated with nitrate and the whole of the input NO pulse 
is detected at the reactor outlet. The dip in oxygen (32 amu) here is simply due to displacement 
from the gas phase by the NO injection, it does not signify reaction. At -23.1 minutes a pulse 
of hydrogen is injected over the catalyst, which results in reduction of the metal component, 
and thus considerable extra uptake of oxygen. At the same time a large amount of nitrogen (28 
and 14 amu) is evolved due to the catalyzed decomposition of the Ba(N0 3 ) 2 to form BaO. Upon 
subsequently admitting a pulse of NO at 23.6 minutes, there is uptake of both NO and oxygen 
(compare the pulse at 23.6 mins with that at 22.5 mins) as decomposed barium nitrate is 
reformed. 
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However, once the hydrogen pulse has passed through the catalyst, the 
platinum reoxidizes again by adsorption of gas phase oxygen. At this point 
oxygen uptake ceases, the platinum surface has become oxidized, and is 
unable to decompose the barium nitrate in this condition. However, it can 
still store NO x because there are available barium oxide sites surrounding 
the platinum. Thus, upon admission of the subsequent NO pulses, NO 
storage and uptake of oxygen is observed. NO storage requires oxygen in 
the following stoichiometric amount 

BaO + 2NO + % 0 2 - 7 Ba(N0 3 ) 2 

After several further pulses of NO, uptake essentially ceases as the barium 
oxide again becomes saturated with nitrate. 

There are a number of interesting questions related to this catalysis and 
these concern the atomic and molecular events taking place at the surface 
of the material. We have begun work at Reading using model catalysts to 
understand these kinds of reactions. Model catalysts can be made in a variety 
of ways. For instance, as shown in Figure 4.6, we can make model catalysts 




FIGURE 4.6 

Showing a series of SIM (scanning tunneling microscopy) images taken from a movie of the effect 
of gas phase oxygen on the surface structure of a model Pd/TiO, catalysts. The Pd is in the form 
of nanoparticles ~4 nm diameter formed on the surface by metal vapor deposition. Frames A-F 
represent increasing exposure to oxygen at 673 K, and the size of each image is 50 nm x 50 nm. 
New layers of titania are grown around the nanoparticles by reaction between oxygen atoms 
(which form on the Pd and then diffuse off to the adjacent titania) and interstitial Ti 3+ . 
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by depositing metal nanoparticles onto an oxidic support. In this case the 
support is a titanium (110) single crystal and palladium nanoparticles have 
been formed by MVD (metal vapour deposition). 7 We can view the oxygen 
storage process on this system as shown in Figure 4.6. Before treatment in 
oxygen at 670 K, the particles are clearly visible on the surface. However, 
during oxygen treatment, new layers of titania grow up around the nano- 
particles until they eventually completely cover them. At intermediate times, 
a spillover region is clearly visible. 8 The storage occurs by oxidation of 
reduced Ti 3+ species which reside in the bulk of the sample, but that are pulled 
to the surface during oxidation. This preferentially occurs around the metal 
particle because oxygen dissociation occurs fast there, but occurs only slowly 
on the titania itself. 

We can also model the NO x storage process by fabricating inverted catalysts, 
in this case by depositing barium onto platinum(lll) followed by oxidation 
of the deposited barium. In Figure 4.7a, we see structures resolved at atomic 
resolution. We believe this is due to a monolayer structure of the barium 
oxide on the surface, which is clearly not completely homogeneous and 
probably defected with missing oxygen and barium atoms. We can also make 
multilayer islands of barium oxide (as shown in Figure 4.7b). When NO and 
oxygen are introduced, these islands expand due to the formation of barium 
nitrate, which has a higher volume per barium atom than barium oxide. These 
preliminary results are part of a bigger programme aimed at a full under- 
standing of the reaction at atomic and molecular level, which should go some 
way to answering some of the important questions related to the storage 
phenomenon. This includes such matters as: What is the extent of barium 
nitrate decomposition? Are the reactions only at the surface of the oxide? 




FIGURE 4.7 

(a) An atomic resolution image of the Pt(lll) surface with a monolayer of BaO dosed on top. 
Image size 25 nm x 25 nm. (b) An image of the same surface with multilayer islands of BaO. 
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And what is the nature of the spillover and reverse spillover processes that 
are responsible for NO x storage and decomposition? 



Summary 

This chapter has outlined the development of materials and catalysts for the 
removal of pollutants from car exhausts. Ways of measuring the catalytic 
processes involved using time resolved methods are described, as also is the 
application of a novel, atomically resolving, imaging technique to improve 
the understanding of the processes involved at the surface of the catalytic 
materials. 
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Introduction 

Controllable fluids that change their mechanical properties under the influ- 
ence of a remote external influence have been known since the mid to late 
1940s. Broadly speaking, two classes of such materials exist: these are elec- 
trorheological fluids, which change their rheological behavior under the 
influence of electric fields, and magnetorheological fluids, which change 
their rheology under the influence of magnetic fields. These materials are 
similar to each other in terms of their basic structures in that they are both 
colloidal dispersions of solid particles in a carrier liquid that is usually a 
standard hydraulic oil. In the case of electrorheological (ER) fluids, the 
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particles used can be starch or other similar materials, whereas in the case 
of magnetorheological (Magnetorheological) fluids, the materials used must, 
of course, be magnetic materials such as particles of iron, cobalt, etc. Both 
classes of material have a significant number of potential applications in the 
automotive sector. 

Despite the fact that they have been available for many years, the impetus 
to bring such materials into use has not been great until recently, when 
issues of noise pollution, both for passengers in automobiles and for those 
living near to major arterial roads, have become increasingly important. 
Also, previous generations of materials have perhaps not been suitable for 
immediate application due to a lack of long-term stability in terms of a 
number of properties. The application areas are, for the case of dampers, 
under the seats of heavy vehicles such as lorries, tractors, buses, etc., engine 
mountings, particularly for vibration and noise suppression in both luxury 
vehicles, and for example, coaches and buses. It is also possible to design a 
simple slip clutch or brake that can be used for control of cooling fans and 
4- wheel drive differentials. In these cases, the use of a controllable liquid 
has major advantages in terms of energy conservation. In non-automotive 
applications, magnetorheological fluids have already found application as 
generators of a variable resistance in exercise machines. They have also been 
suggested as an energy-free solution to the problem of maintaining a fire 
door in the open position that would subsequently close when a fire alarm 
is sounded. 



Historical Developments 
Electrorheological Fluids 

Electrorheological fluids were developed in the first instance by Winslow 
in the mid-19405. 1 Development continued intermittently from that time 
with a surge in activities in the 1980s and early 1990s with many formu- 
lations being proposed both for the fluids themselves and a wide range 
of devices developed. For a review of these developments, see Scharnhorst 
and Schelttler-Kohler. 2 The basic structure of the electrorheological fluids 
were based upon colloidal dispersions where the interaction between the 
particles in the presence of an electric field derived from the presence of 
absorbed ions, or more commonly, water molecules on the surface of the 
colloidal particles themselves. The carrier oils were usually the simple 
hydraulic oils that are used in normal rheological devices. A wide range 
of dispersants appropriate to the particular particles and the carrier 
vehicle were also used. 

Modern electrorheological fluids based upon these structures exhibit 
dynamic yield strengths typically in the range 3-5 kPa for electric fields 
of the order of 3-5 kV/mm. Unfortunately, given that the basis of the 
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electrorheological effect lies not in a permanent dipole moment but in an 
induced moment arising from the presence of ionic species or water mole- 
cules, this limits the operating temperature of such fluids to the range 
10-90°C. Nonetheless, for operation in benign environments, such as seat 
dampers or retarders on exercise devices, such an operating temperature 
range is not preclusive. 



Magnetorheological Fluids 

Magnetorheological fluids were first reported by Rabinov from the National 
Bureau of Standards in the United States in 1948. 3 The original application 
envisaged was to produce a device such as a slip clutch. 

In the case of magnetorheological fluids, the dispersion consists of fine 
(but not ultra fine) magnetic particles dispersed in oils, again using conven- 
tional dispersants, but also a number of other ingredients as discussed below. 
Given a correct formulation for such particles, the dynamic strengths are up 
to 100 kPa for fluids in fields of 2-3 kOe and the temperature range from 
-40°C to 150°C. These figures must be compared to the much lower 3-5 kPa 
for electrorheological fluids. This significantly larger yield stress value for 
magnetorheological fluids derives from the fact that the net polarizing 
moment per unit volume of a magnetic material derives from its bulk, 
whereas the electrorheological effect derives only from the surface of the 
particles and, hence, the effective charge density in the two cases is signifi- 
cantly different. 

However, in contrast, the structure of magnetorheological fluids is of 
necessity more complex. Ideally, it is desirable to use the largest particles 
possible since the force between them depends upon the product of their 
volumes. However, in practice, such particles tend to agglomerate irrevers- 
ibly and normal dispersants are unable to resist the forces of attraction 
between the particles. There are a number of strategies to overcome this 
difficulty, one of which is to use dispersants, which are thixotropic agents, 
and a number of reports of such materials can be found in the literature, 
e.g., Weiss et al. 4 An alternative strategy is to incorporate thixotropic agents 
into the dispersion such as clay particles, which prevent the magnetic par- 
ticles coming into close contact and, hence, prevent irreversible changes in 
the microstructure of the material. 



Structure of Magnetorheological Fluids 

Small magnetic particles in the nanosize range (d < 25 nm) are too small to 
support a normal magnetic domain and, hence, exist in a single domain state 
effectively behaving as tiny permanent bar magnets. The origin of this effect 
and the critical size for this behavior varies from material to material, but is 
generally well understood. 5 Larger magnetic particles typically of dimension 
1-100 pm contain a number of magnetic domains that are oriented in such 
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FIGURE 5.1 

Dispersed magnetic particles each containing a single magnetic domain. 



a way that the external field generated by the particle is minimized. Such 
an arrangement of domains is termed flux closure and means that such 
particles have no net magnetic moment in a similar manner to bulk materials. 
These two different types of magnetic particle are shown schematically in 
Figures 5.1 and 5.2. 

In the presence of a magnetic field, single domain magnetic nanoparticles 
will experience a force of attraction and, therefore, will come together leading 
to a magneto rheological effect as large scale structures are formed. However, 
due to the permanent nature of the magnetic dipole, such particles will tend 
to adhere together and normal dispersants will not be able to prevent such 
irreversible agglomeration taking place. In order to prevent irreversible 
agglomeration, much smaller particles must be used, although in this case 
the energy of interaction between the particles given by Equation 5.1 below 
reduces significantly due to the fact that it derives from the volume of 
material and, therefore, the magnetorheological effect resulting is signifi- 
cantly smaller. Such materials have been developed some years ago but have 
not found wide application. 

As can be seen below the energy of interaction, E, (in cgs units) is simply 
given by the product of the magnetic moments q, and jj 2 of the particles and 
follows an inverse cube law. Given that the magnetic moment of a material 
is determined by the product of the saturation magnetization M s and the 




FIGURE 5.2 

Dispersed multidomain magnetic particles exhibiting flux closure configurations. 
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particle volume V, 
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(5.2) 



From this simple expression it can be seen that the energy of interaction 
from which the force derives varies as the 6th power of the diameter and, 
hence, the diameter alone becomes the critical property together with the 
saturation magnetization, which should also be maximized. 

Fortunately, the material with the highest saturation magnetization is also 
one of the most economical, i.e., elemental iron. Micron size particles of iron 
are available commercially from a number of suppliers (e.g., BASF Ag prod- 
uct. 6 ), although most of the less expensive forms contain some sort of impu- 
rity, often carbon, which reduces the saturation magnetization by 
approximately 25%. However, fortuitously, the inclusion of impurities such 
as carbon also improves the corrosion resistance of such materials, hence, 
enhancing the overall stability of the resulting magnetorheological fluid. 

When a magnetic field is applied to a magnetorheological fluid containing 
micron size particles, the magnetic domains within such particles are readily 
removed as the particle seeks to align its moment in the field direction. There 
then exists a very strong force of attraction between the particles, which as 
indicated above, has to some extent been moderated by the inclusion of 
thixotropic agents or filler particles. However, once the field is removed, the 
magnetostatic energy of such particles is such that the domain structure is 
immediately restored and, hence, no permanent force of attraction between 
the particles exists. Of course the balance of the domain structure is never 
perfect and there can be some residual remanent magnetization in the sys- 
tem. However, in properly formulated materials with the correct particle size 
and dispersion characteristics, this remanent value is minimized. 



Magnetic Behavior 

Figure 5.3 shows the magnetic behavior of such a magnetorheological fluid. 
In this case, the material contains 40% volume fraction of elemental iron par- 
ticles dispersed in a hydraulic oil. As can be seen from the figure, this material 
consists of 5 pm particles and appears to saturate in a field of about 4 kOe. 

We have examined the magnetic behavior of many such fluids and, while 
not shown in the figure, we find that the magnetization is almost completely 
reversible for the smaller particles, but for larger particles some residual 
remanence is almost inevitable. However, we have also found that under 
modest shear, such residual magnetization is removed almost immediately 
due to the disorienting effect of the shear forces. 
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FIGURE 5.3 

The magnetization curve of a typical magnetorheological fluid containing 40 vol% of carbonyl 
iron particles. 



The form of the magnetization curve that is obtained depends critically 
on a number of parameters: the first of these is the particle size. The energy 
of a magnetic dipole in an applied field is given by Equation 5.2. Hence, 
given that the magnetic moment depends upon the volume, the energy is 
greatest for a particle of larger volume and, hence, the magnetization would 
be expected to saturate more quickly for larger particles than smaller. Exper- 
imentally, this is found to be the case. Obviously, the particle concentration 
not only affects the value of the saturation magnetization and hence the 
maximum force that can be achieved, but also affects the form of the mag- 
netization curve itself. This is because the particles, once magnetized, interact 
strongly together. The form of this interaction in such a many-body system 
is complex and under certain circumstances can be both magnetizing and 
demagnetizing. However, in general, the particle concentration lowers the 
initial susceptibility, which after the application of a certain critical field, 
becomes very large and the material saturates more readily. Obviously, the 
magnetic interaction between the particles is affected, not only by the particle 
volume, but also by the interparticle separation, which is itself controlled by 
the concentration. Similarly, the degree of dispersion in the colloid also 
affects the form of the magnetization curve as particles that are not separated 
and dispersed essentially behave as larger particles giving rise to effects 
described above. Thus, the magnetic behavior of such colloids is quite com- 
plex, although the basic principles of this behavior are relatively simple. 



Rheological Behavior 

Figure 5.4a shows the variation of the viscosity of the same colloid for which 
the magnetization curve is shown in Figure 5.3 as a function of the shear rate. 
This graph shows that the material exhibits normal thixotropic behavior as 
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FIGURE 5.4a 

Viscosity versus shear rate for a typical magnetorheological fluid in zero-applied field. 



expected with a slight hysteresis at low shear, again as expected. Figure 5.4b 
shows data for the same material under different values of applied magnetic 
field. Again, at low shear the thixotropic behavior of the fluid is significantly 
enhanced by the presence of the magnetic field. For example, the low shear 
viscosity of the fluid in a field of 1.2 kOe is believed to be as high as 10 5 cP, 
whereas the zero shear viscosity in zero field is only of the order of 5000 cP. 
Of course, these values have to be extrapolated due to the fact that viscosity 
cannot be measured in the absence of shear. Under higher shear conditions, 
it is clear that the effect of the magnetic field is less dramatic than it is at 
low shear, but nonetheless for a shear rate of 1000 s _1 the change in the 
viscosity between zero field and 1.2 kOe is of the order of a factor 5. 

Of course, for device application, the variation of shear stress with shear 
rate must also be examined. Ideally, one would wish for an almost linear 
relationship, which cannot be achieved in a thixotropic fluid. The data in 
Figure 5.5 shows the variation of shear stress with shear rate for the same 




FIGURE 5.4b 

The effect of applied DC magnetic field on the viscosity of a typical magnetorheological fluid. 
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FIGURE 5.5 

The variation of shear stress with shear rate for a typical magnetorheological fluid in a range 
of applied DC magnetic fields. 



fluid as examined in the previous section and shows that an extended quasi- 
linear region does occur for shear rates between a few hundred s 1 up to 
around 1300 s which is the limit of our measurement capability. Similar 
behavior is observed for all values of field although the extent of the linear 
region tends to decrease slightly as larger magnetic fields are applied. Given 
that the magnetic fields are maintaining a strong interaction between the 
colloidal particles, this type of behavior is to be expected. However, the data 
shown in Figure 5.5 does indicate that a device with predictable properties 
could be made from such a fluid. 



Electrorheological and Magnetorheological Devices 

Early designs of devices that used electrorheological and magnetorheological 
fluids were generally very similar. Considering the simplest case of a small 
piston damper, the cylinder of the damper was filled with the appropriate 
fluid and a field, be it electric or magnetic, was applied in the region of the 
piston. This is shown schematically in Figure 5.6 for the case of an magne- 
torheological damper where a small coil has been wound onto the piston to 
produce a magnetic field between the piston itself and the mild steel body. 
The coil is energized simply by powering through the piston rod and, hence, 
the fluid lying between the piston and the casing is expected to exhibit the 
magnetorheological effect observed in the measurements on the bulk fluid. 

The design of an electrorheological fluid device is essentially similar except 
that a very high voltage must be generated between the piston and the casing, 
again supplied in some way through the piston rod. In the case of an elec- 
trorheological fluid, it is not possible to generate an electric field through the 
bulk of the liquid and, hence, only that small portion of the liquid lying 
between the piston and the casing can be activated and take part in the 
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FIGURE 5.6 

Schematic design of a traditional magnetorheological damper. 



electrorheological effect. However, for the case of magnetorheological fluids, 
this does not apply as it is relatively easy to generate a magnetic field in a 
significantly larger volume, particularly when a highly permeable material 
such as an magnetorheological fluid is present within that volume. 

Hence, a revised design of an magnetorheological damper has been devel- 
oped by Liquids Research Ltd. using computer aided design (CAD) tech- 
niques to apply a magnetic field to the bulk of the fluid lying within the 
piston cylinder. The fluid is then activated directly by the fixed coil and no 
power is supplied to the piston itself. A photograph of the device, whose 
performance is discussed subsequently, is at Figure 5.7. 



Evaluation of a Magnetorheological Damper 

A full evaluation of this device has been undertaken using the facilities of 
Prodrive Ltd., who have extensive facilities for the testing of dampers. The 
Prodrive test rig is fitted with sensors to measure displacement and temper- 
ature. A power supply delivering a maximum voltage of 14 volts, with a 
current of up to 4 amps, is available to energize the coil. As will be obvious, 
these values are almost ideal for automotive application as opposed to the use 
of very high voltages which are necessary for electrorheological dampers. 

The test rig is capable of delivering piston velocities of up to 3 m/s over 
a 200 mm stroke and can measure damper forces of up to 20 kN. The test 
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FIGURE 5.7 

A novel prototype magnetorheological damper with the field applied to the body of 
magnetorheological fluid. 



strategy was to determine the damper dynamics and, hence, to determine 
the optimum current for the operation of the damper, as well as measuring 
the response rate of the damper after the application of a magnetic field, and 
determining at least partially the temperature capability of the device. 



Damper Test Results — Load versus Velocity 

Figures 5.8 and 5.9 show the variation of the load supported by the piston 
as a function of the velocity of its movement for a range of currents through 
the coil. In all cases, the stroke of the piston is 100 mm. The data in Figure 
5.8 shows that the magnetorheological effect saturates for a current of only 
1 A through the coil. The higher resolution data shown in Figure 5.9 shows 
that, in fact, the vast majority of the magnetorheological effect saturates at 
currents significantly less than 1 A, meaning that the device, which is of 
similar dimensions to a heavy vehicle seat damper, consumes power at a 
rate of less than 10 W. However, the data also shows that there is a significant 
zero offset as the velocity of the piston is varied. 

The response time of the damper has also been examined using similar 
data to that shown above, but monitoring the effect after the current is first 
switched on. There is not expected to be any significant rise time in the 
magnetic field itself and, hence, any delay in response is due solely to the 
effect of the particles aligning with the magnetic field. A summary of the data 
obtained appears in Table 5.1 and is displayed graphically in Figure 5.10. The 
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FIGURE 5.8 

Variation of load with piston velocity for the damper shown in Figure 5.7 for a range of currents 
in the coil. 




FIGURE 5.9 

An expanded view of the data in Figure 5.8 showing the low-field behavior. 



TABLE 5.1 



Response Time of the Damper Shown in Figure 5.7 for a Range 
of Applied DC Fields and Piston Velocities 



Piston Velocity 
(mm/s) 


1A 


2A 


3A 


4A 


100 


76 ms 


62 ms 


44 ms 


34 ms 


200 


76 ms 


60 ms 


44 ms 


40 ms 


300 


50 ms 


46 ms 


34 ms 


38 ms 


400 


76 ms 


56 ms 


44 ms 


40 ms 


500 


86 ms 


62 ms 


38 ms 


42 ms 
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FIGURE 5.10 

The variation of response time for the damper shown in Figure 5.7 with current through the 
coil for a range of piston velocities. 



data show that the response time reduces dramatically, typically by a factor 
of 2 or 3, with an increase in the current through the coil. This is not really 
surprising because the interparticle force between the particles is affected by 
the presence of the applied field itself as well as by the magnetic moment of 
neighboring particles. Hence, while the load-bearing capacity of the damper 
is observed to saturate for a current of about 1 amp, the speed of response 
can be significantly increased for a current through the coil of 4 amps. How- 
ever, in this case, the power consumption has now increased to almost 50 W. 
Hence, some compromise of properties is inevitable. 



Effects of Temperature 

The operation of the damper device has been evaluated at temperatures up 
to 80°C. These data are shown in Table 5.2. In this test, the damper is cycled 
in simple harmonic motion and the temperature stepped in 10°C intervals. 
Temperature causes the peak value of the load to drop as the viscosity is 



TABLE 5.2 



Damper Performance as a Function of Temperature 



Temperature (°C) 


Load kN (Extension) 


Load kN (Compression) 


30 


4.507 


-6.310 


40 


3.470 


-5.228 


50 


3.020 


-4.777 


60 


1.037 


-4.417 


70 


0.721 


-4.191 


80 


0.586 


-4.011 
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lowered. However, the nature of the simple harmonic motion is maintained, 
and the behavior is reproducible and predictable. Of course, the viscosity of 
any material changes with temperature and the thixotropic effects in mag- 
netorheological fluids give rise to a greater temperature coefficient of vis- 
cosity than is the case in normal hydraulic fluids. 

An extensive range of other tests has also been done to examine the exact 
conditions necessary to control this small prototype damper. Using the 
sophisticated control of the test rig removes the zero velocity effect at a peak 
velocity of 800 mm/s. Predicting the behavior of the damper, also removes 
other effects such as bump and rebound, and the damper rate being propor- 
tional to the velocity meant that the load gradients of the damper itself can 
be controlled. This is particularly true at low operating speeds. 



Other Devices 

As indicated in the introduction, a number of other possible devices can be 
envisaged. Of particular importance for automotive applications are slip 
clutches, which can have significant energy consumption implications for 
the control of, for example, the cooling fan on large vehicles and also in the 
front to rear differential on 4- wheel drive vehicles. The principle of the design 
of a magnetorheological slip clutch is shown in Figure 5.11. A fixed pole 
piece with a coil is located in one side of a barrel with a steel flywheel 
positioned within the same cavity, which is subsequently filled with mag- 
netorheological fluid. Please note that this diagram is schematic and that in 
practice, the steel flywheel and the pole piece and coil would be physically 



Steel flywheel 




FIGURE 5.11 

Schematic design of an Magnetorheological clutch/brake. 
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much closer together. It should also be noted that such a device is already 
available commercially from the Lord Corporation of Carey, North Carolina, 
and has found application in human exercise machines when operating as 
a brake. 

When the coil is activated, the magnetorheological effect couples the fly- 
wheel to the fixed pole piece, thereby providing variable and extremely well 
controlled coupling. Of course, such devices are subject to large centrifugal 
effects at high speed and special design considerations must be applied in 
order to limit these effects, which can destabilize the magnetorheological 
fluid. One example of a possible solution to this problem is the design of 
labyrinthine plates within the slip clutch arrangements. 



Summary 

This chapter has described briefly, the historical development of magne- 
torheological and electrorheological fluids, which are now commercially 
available. The similarities and differences between these two classes of sim- 
ilar material have been highlighted and the properties of recently developed 
magnetorheological fluids discussed. The fundamental mechanisms that 
provide the magnetorheological effect and can lead to the production of 
materials with long term stability have been described together with both 
the magnetic and rheological properties of such materials. A detailed eval- 
uation of a prototype magnetorheological damper, such as that used in the 
seat mountings of heavy vehicles, has been described together with a brief 
description of other possible devices for use in the automotive sector and 
elsewhere, such as slip clutches. 
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Introduction 

During the past decade numerical crashworthiness simulation for vehicle 
and occupant safety protection has been greatly integrated into the vehicle 
design process, and is now a mature technology Manufacturers have con- 
siderably reduced costly and time-consuming prototype crash-testing pro- 
grams, and the physical testing is needed only to validate the design based 
upon computer simulations. This has led to a reduction in development time 
(from 5 to 3 years on average) and a substantial cost saving (over 30%). In 
addition, the simulation-based design has led to consistently improved vehi- 
cle designs and a reduction in road deaths of over 30%. 

Achieving reduction in fuel consumption and CO z emissions while 
improving vehicle performance and safety is a major challenge facing the 
automotive industry today. Improvements in aerodynamics, fuel, motor, and 
drive chain technology have provided an over 20% reduction in emissions 
over the past ten years. However, these potential benefits have been negated 
by a 20% increase in average vehicle weight during the same period. 
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FIGURE 6.1 

Examples of automotive components from high-strength, lightweight materials: (a) an axially 
crushed aluminum tube showing extensive metal tearing, (b) a magnesium door, and (c) a high- 
strength steel rear axle. 



The European Association of Automobile Manufacturers has a stated com- 
mitment to limit average output of C0 2 to 140 g/km per vehicle by the year 
2008 (currently 190 g/km). 1 If this objective is to be achieved, improvements 
in all technological areas and, in particular, significant weight reductions, will 
be essential. As a result, the industry is increasingly using high-strength metals 
(high-strength steels, aluminum, and magnesium [Figure 6.1]) and low-weight 
polymers in order to achieve required weight reductions by compromising 
neither performance nor occupant/pedestrian safety. It is realistic to expect 
low-weight materials to reduce average vehicle weight by 15%-20%, which in 
turn will reduce fuel consumption by 0.5-1 Ltr/100 km. This is estimated to 
reduce considerably the total C0 2 emissions (by 30%) over the lifetime of the car. 

The present commercially available software for numerical simulation of 
car crash events have proven remarkably reliable for designs based upon 
conventional ductile steels in which the principle response to impact loading 
comprises large inelastic material deformation and structural bending, buck- 
ling, and collapse of sectional members. 2 However, the algorithms employed 





